Abstract In this research, various combinations of physicochemical (coagulation, Fenton process and ozonation) and biological (aerobic oxidation) treatment methods were used to purify wastewater originating from wood soaking basins in plywood production industry. Although the wastewater has good biodegradability (92 %), there is a high fraction of organic material expressed as recalcitrant chemical oxygen demand (COD) of approximately 360 mg L -1 . High fraction of organics is caused by woodoriginating water-soluble material, i.e. extractives, including lignin and tannins. It was found that optimal treatment method for hardwood soaking basin wastewater is the combination of biological pre-treatment, chemical treatment with Fenton reagent and biological post-treatment. Under optimal conditions of combined process performance, up to 99 % removal of the organic loads, nitrogen and phenols was achieved. Besides achieving target discharge limits stated for industrial wastewater, the effluent met the requirements set for municipal wastewater treatment plants, making the treated water acceptable for subsequent discharge into natural water bodies: treated water COD = 90 ± 3 mg L -1 ; BOD 7 = 10 ± 1 mg L -1 . The main result of the present work was the establishment of sustainable, efficient and economically feasible process to treat the wastewater with minimised chemicals consumption. This differs considerably from approaches such as coagulation or wet oxidation, used to treat similar water types according to the literature, and is readily applicable for the production facilities of various scales, including small and medium enterprises, without the need to make changes in existing technological schemes.
Introduction
Plywood is a widely used wood-based product; its manufacturing is an important part of woodworking industry: in 2011, it was estimated to be around 81 million m 3 worldwide, with a market value of around $ 19 billion (Fernández et al. 2012) .
One of the plywood production stages is wood soaking, often carried out at elevated temperatures in order to increase the plastic properties of wood before debarking and veneer cutting. This results in a solution containing lignin, water-soluble wood and bark matter, i.e. extractives, and certain amount of mechanical particles. The extractives are a range of organics with diverse functions and structure, such as terpenes, resin acids, triglycerides, fatty acids, phenolic compounds, among others; their relative abundance depends on the type of wood. As one of the functions of extractives is the protection of trees from pathogens, they possess at least certain degree of toxicity, which is transferred to respective soaking water; even at low concentrations, wood extractives have been reported to produce wastewater with pronounced toxicological and hormonal effects (Lehtinen et al. 1999) . The brownish colour of the wastewater originated from wood industry is mainly attributed to lignin and its derivates, which are resistant to microbial degradation, and can also cause toxic and hormonal effects in aquatic environments at very low concentrations (Leiviskä et al. 2009 ). Available ecotoxicological tests have shown that the presence of tannin and lignin in wastewater leads to decrease in respiration rate of activated sludge, having also toxic effect according to Daphnia magna test (Libralato et al. 2011) . Moreover, some of the extractives, e.g. lignin, can effectively adsorb other pollutants in the wastewater, including micropollutants (Han et al. 2012 ) and heavy metals (Singh and Prasad 2015) ; on the other hand, lignin is resistant to many conventionally employed treatment techniques (Leiviskä et al. 2009; Portjanskaja et al. 2009 ), thus serving as various pollutants' transportation and protection medium in case of wood industry wastewater, either untreated or incompletely treated, mixed with municipal wastewater. Thus, both freshwater and sea water communities could be affected by discharges containing tannin and lignin.
In order to minimise the freshwater consumption in the soaking process and make it more environmentally friendly, water is used multiple times. This decreases the consumption of freshwater, increasing the amount of extractives present in the soaking basin, which results in the formation of wastewater that needs to be dealt with efficiently, requiring advanced technological solutions.
In contrast with the order of magnitude of plywood production, the literature data on the treatment possibilities of soaking basin water are scarce. Moreover, the proposed solutions are somewhat ambiguous: e.g. while partial closure of the water cycle with 2/3 of the initial water amount recycled, with air flotation, coagulation by aluminium sulphate was reported to result in 57 % removal of the chemical oxygen demand (COD) and 50 % of 7-day biochemical oxygen demand (BOD 7 ) (Jokela and Keskitalo 1999) ; this results in the creation of solid waste that needs to be treated. On the one hand, such waste inevitably contains significant amounts of water and requires subsequent dewatering in order to reduce its volume for further disposal, and on the other hand, it is laden with surfaceadsorbed extractives, which make it a concentrated hazardous waste. In case of somewhat similar water samples from wet debarking process, biological treatment was reported to result in ca. 70 % COD removal without significantly affecting colour, attributed to lignin (Leiviskä et al. 2008) ; while a high percentage of the extractives can be removed biologically (Kostamo and Kukkonen 2003; Leiviskä et al. 2009 ), even diluted effluents possess substantial toxicity, not to mention the possible breakthroughs of toxic influent during the periods of unstable operation of biological process. There has also been reported a possible increase in some of the remaining extractive compounds toxicity due to chemical transformations during biological treatment (Stahlschmidt-Allner et al. 1997) . Adsorption and coagulation of wet debarking process of wastewater resulted in the removal of up to 91 % of the lipophilic extractives from the treated wastewater (Leiviska et al. 2012) ; however, this technology has similar drawbacks as described in case of coagulation. Wet oxidation (WO) of a more concentrated debarking water samples resulted in up to 98 % lignin removal, while the removal of COD was about 61 % (Kindsigo and Kallas 2009 ). However, technological solutions, such as water cycle closure or WO implementation, are easier to apply at larger-scale production facilities, as opposed to numerous smaller-scale productions. This further implies to the need for alternative easily applicable sustainable technology to treat the wood soaking basin water efficiently both in terms of results and costs.
A set of technologies commonly referred to as advanced oxidation processes (AOPs), including Fenton oxidation, have shown efficient performance in eliminating pollutants of various structure and properties (Wang and Xu 2012) , though the action of individual AOPs against certain pollutant classes is selective (Malato et al. 2007; Mantzavinos and Psillakis 2004) . Some publications, e.g. Vlyssides et al. (2008) and Munoz et al. (2014) , have considered applying Fenton process to wood industry-connected wastewaters, achieving significant pollutant load reduction, although the results provided by the AOPs, unless the latter are optimised, may be obtained at the cost of high reagent and energy consumption. With optimisation undertaken, the AOPs alone can be relatively efficient at least in part of the cases: e.g. in the work of Munoz et al. (2014) , Fenton treatment of a medium-strength sawmill wastewater (COD of ca. 3000 mg L -1 ) at elevated temperature and with H 2 O 2 addition in several doses (as opposed to single addition) resulted in up to 80 % COD removal at the treatment cost of 3.19 eur m -3 . While providing relatively efficient performance at moderate pollutant loads, this also suggests that in case of more concentrated effluents and higher demands for COD removal, the final cost of applying AOPs may increase significantly. While AOPs have the potential to oxidise the majority of organic pollutants, quantities of chemical doses employed in these processes need to be considered; dosages determine, to a large extent, the operating cost, efficiency and sustainability of the treatment. On the other hand, conventional treatment methods like biological processes have proved to be sustainable, relatively cheap and efficient methods when operating at optimal and uniform set of conditions, including loads, feed amount and influent toxicity. However, in certain cases like industrial effluents, they are not always effective, mainly due to toxic and persistent pollutants in the wastewater (Reemtsma et al. 1999; Ren 2004 ) and hydraulic and organic shock loads created by peak volumes and concentrations (Pophali et al. 2003; Seetha et al. 2010) . Consequently, an advanced system combined of individual physicochemical and biological treatment stages would be the solution for obtaining optimal conditions to treat wood soaking water efficiently both in terms of performance and cost. While such combined treatment processes were investigated for various water types, e.g. landfill leachate (Klauson et al. 2014) , textile yarn dyeing effluent (Lotito et al. 2014) , the authors could not find any such publications for wood industry-based wastewaters.
In this research, the authors used Fenton process, coagulation and ozonation as chemical (physicochemical) treatment technologies and activated sludge process as a biological treatment technique. As the research was conducted in Northern Europe, geographic latitude-derived factors pose their limitations: the option of using highly efficient solar light-driven photo-Fenton process could not be given much attention as it would have been a working option for only a part of summer. In order to increase the efficiency of the process as much as possible, it is necessary to determine the optimal operational H 2 O 2 /Fe 2? molar ratio. At the same time, the results of authors' previous studies (Kulik et al. 2008; Dulova and Trapido 2011) suggest that the H 2 O 2 /Fe 2? ratio of 10/1 (mol/mol) provides the best performance of Fenton's reagent for wastewater treatment. Based on this knowledge, by adjusting the COD/H 2 O 2 ratio, it is possible to obtain the highest treatment results coupled with decreased reagent consumption. The combination of the adjusted Fenton treatment with biological oxidation can increase the efficiency of chemicals use and thus decreases process costs: e.g. biological pretreatment decreases the chemical consumption by removing the easily degradable organics, leaving solely the recalcitrant part of COD for chemical treatment; the goal of the latter, however, is not the complete pollutant mineralisation, but producing biodegradable fragments instead.
Chemical and biological treatment technologies were evaluated and adjusted separately and then combined in different sequences. The following combined treatment schemes were examined:
The goal and the major novelty of the current study is the establishing of a readily applicable, sustainable, efficient and economically feasible combined treatment technology for the treatment of wood soaking basin wastewater. An optimal treatment scheme is established by taking into account both the performance and material consumption minimisation.
The research presented in this manuscript was carried out in spring 2013 to spring 2014 in Tallinn University of Technology (Tallinn, Estonia) and University of Tartu (Tartu, Estonia).
Materials and methods

Analytical methods
Standard colorimetric method (APHA 2012) was used in order to determine the chemical oxygen demand (COD) of the wastewater; the interference of hydrogen peroxide was estimated as described previously (Klauson et al. 2014 ). The 7-day biochemical oxygen demand (BOD 7 ) was determined in the initial and treated wastewater samples according to the standard procedure (APHA 2012) . The acute toxicity was tested using D. magna 24-h test, according to ISO 6341:2012 standard (ISO 2012). The pH measurements were taken using a Schott 840 pH-meter, and the electrical conductivity measurements using HANNA Instruments HI9032 EC meter. Total and ferrous iron was determined by the standard phenanthroline method (APHA 2012). Hydrogen peroxide concentration in stock solutions was measured spectrophotometrically at k = 254 nm, and residual hydrogen peroxide in the treated samples was measured as described in Bolobajev et al. (2014) (ISO 2003) . NH 4 -N was determined by spectrophotometric method with Nessler reagent adapted from (APHA 2012), or in case of low concentrations, according to ISO 7150-1 (ISO 1984) , and NO 3 -N according to ISO 7890-3 (ISO 1988) . Total solids were measured gravimetrically according to (APHA 2012) . The concentration of lignin and tannins was measured spectrophotometrically by tyrosine method using HACH-Lange cuvette test (APHA 2012) . The concentration of phenols was measured by sodium nitrite method using HACH-Lange cuvette test (APHA 2012) . Values are expressed as average with standard deviations of at least three samples.
Wastewater sample characterisation
Samples were taken from hardwood soaking basin of the local plywood industry. The enterprise has a soaking basin with the volume of 800 m 3 , with water changing yearly. During separate samplings at different times of the year, wastewater characteristics varied considerably. The composition of plywood industry wastewater depends on its retention time in soaking basin; water with longer retention time is more concentrated. The samples are referred to S1, S2 and S3, which were taken 8 months apart. The collected wastewater was stored at 4°C. Table 1 shows the composition of wood soaking basin wastewater samples. The wastewater has moderate organic loads between ca. 5000 and 8000 mg L -1 COD, with biodegradability, expressed as BOD 7 /COD ratio varying between 0.2 and 0.5. At the same time, pH and TSS change little. Wastewater contains high concentration of total suspended solids; almost 50 % of COD is not dissolved (S3). Additionally, significant difference in the concentration of total and dissolved nitrogen was observed (S1). Besides organics, nitrogen, phosphorus and phenols need to be removed from the wastewater; their concentrations may vary significantly in case of various samples. This can be explained by the differences in wood amounts soaked in the water, the composition of the soaked wood, i.e. relative abundance of different wood species, periodic additions of freshwater to compensate evaporation losses and residence time.
Chemical treatment
Fenton treatment was performed in cylindrical batch glass reactor under constant stirring (400 rpm) with magnetic stirrer. Upon the addition and complete dissolution of ferrous sulphate (FeSO 4 Á7H 2 O), hydrogen peroxide was added either once or stepwise (after 0, 30, 60 min of oxidation) to initiate the reaction. Concentrations of H 2 O 2 and Fe 2? were always calculated according to COD value (COD/H 2 O 2 /Fe 2? w/w/w). The sample pH was not adjusted, unless stated otherwise. In general, a fast decrease in the reaction mixture's pH to values lower than 3 was observed. The reason to this decrease is mainly the acidity of added iron catalyst and hydrogen peroxide and the acidic by-products formation. The treatment time was 24 h. The oxidation was stopped by addition of NaOH (10 M) to adjust pH to approximately 9. The pH regulation was followed by ferric hydroxy complexes settling period of 24 h; the supernatant was collected for further analysis.
In the ozonation experiments, 600 mL of wood soaking basin wastewater was treated in 2.6-L semi-continuous 2550 ± 30 n.a n.a.
D. magna acute toxicity IC 50 % 15.3 ± 2.2 9.3 ± 1.6 n.a.
Lignin and tannins mg L
-1 560 ± 10 870 ± 42 n.a.
n.a. not analysed \l.d. below limit of detection reactor equipped with foam-catching vessel. Ozone was produced from compressed air in Trailigaz LABO LO ozone generator, delivering 1.0 L min -1 feed gas with ozone concentrations ranging from 10 to 40 mg L -1 . Anseros GM 6000-PRO ozone analyser was used to measure the ozone concentration in gaseous phase. The pH was not adjusted. The treatment time was 2 h.
The coagulation with ferric sulphate (KEMIRA PIX-322, Fe total 12.5 ± 0.3 %) was performed in a jar test apparatus (Kemira, Finland) . The wastewater volume in each jar was 0.6 L. The coagulant doses (Fe total ) varied in the range of 100-1000 mg L -1 . The operating conditions were as follows: 1 min of fast mixing at 400 rpm, 30 min of slow mixing at 40 rpm and 24 h of sedimentation.
Characterisation of biodegradability and toxicity Biodegradability of wood soaking basin wastewater samples (raw and treated) was determined using Zahn-Wellens test (ISO 1999) . The activated sludge used in this test originated from a municipal wastewater treatment plant (WWTP) in Tartu, Estonia. In addition to biodegradability based on the COD removal curve, the sample was also fractionated, dividing it into three parts: easily biodegradable COD (degrades during first 7 days), slowly biodegradable COD (degrades in 7-28 days), and recalcitrant COD, i.e. the residual COD in the test.
The inhibition of oxygen uptake rate and nitrification rate by activated sludge was performed according to ISO 8192 and ISO 9509, respectively (ISO 2006, 2007) . Activated sludge used in inhibition tests originated from the same WWTP.
Set-up of the biological treatment
Aerobic biological pre-treatment experiments were performed in 1-L batch reactors, with HRT of 5 h and MLSS concentration of around 2 g L -1 . Before start-up, the activated sludge was adapted with treated wastewater for 2 h (10 % wastewater and 90 % activated sludge).
Aerobic biological post-treatment experiments were carried out at laboratory scale for two weeks employing a typical plug-flow activated sludge set-up. The treatment system consisted of aeration tank (4.8 L) followed by a clarifier (1.5 L). The aeration tank was colonised by activated sludge, obtained from the above-mentioned WWTP. Aeration was performed by air pump and diffuser installed at the bottom of the tank. The pH was regulated to 7.5 ± 0.1 to ensure bacterial activity in activated sludge. Wastewater was fed to the aeration tank by a peristaltic pump with adjusted flow rate of approximately 0.07 L h -1 . Mixed liquid suspended solids concentration (MLSS) was kept 5.5-7 g L -1 . Hence, the system operated at hydraulic retention time (HRT) of 3 days and high-rated sludge loading (0.17-0.21 g BOD 7 day -1 per 1 g MLSS); relatively high HRT is not exceptional when wastewater with relatively high pollutant loads is to be treated.
Two types of biological reactors were applied in this study, as biological pre-treatment was performed adapting longer hydraulic retention time, due to high organic load. In case of adapting the same hydraulic retention time for biological post-treatment, the reactor would have been strongly underloaded.
During the operating periods, MLSS in the aeration basin and COD in the effluent were measured daily. The effluent was kept in a refrigerator at 4°C to avoid further decomposition.
Evaluation of reagent consumption
The evaluation of reagent consumption for Fenton process was undertaken by calculating the use of chemicals per 1 m 3 of the wastewater, taking into account the respective COD values and COD/H 2 O 2 /Fe 2? w/w/w ratios. Reagent consumption was presented as kg of ferric sulphate (FeS-O 4 Á7H 2 O) and L of 50 % H 2 O 2 per 1 m 3 of treated water. As the reagent costs, especially that of H 2 O 2 , being the bulk of reagent costs in Fenton process, depend on many factors, such as location, quantities to be acquired, operational cost analysis for the specific local case was performed to provide a cost-based comparison, using the same methodologies as previously applied by the authors (Munter et al. 2006; Krichevskaya et al. 2011) , with prices corrected to meet the current situation. For this, the following prerequisites were used: wastewater production of 800 m 3 year -1
, with hydrogen peroxide (50 % solution) and FeSO 4 Á7H 2 O costs corresponding to that wastewater amount estimated as 1000 and 350 eur t -1 (Algol Chemicals OÜ 2014). The cost of coagulant was 285 eur t -1 (Kemira 2014). Energy consumption for ozone generation and use was estimated as 36 MJ kg -1 O 3 (ca. 10 kW h kg -1 O 3 ) based on the available literature data (Papa et al. 2013) , with the corresponding energy costs for business customers of 0.0588 eur (kW h) -1 (Eesti Energia 2014). Energy consumption in Fenton process was not taken into consideration, as it would comprise primarily of dosage pumps working for short periods of time and mechanical stirrer for the preparation of ferrous sulphate solutions; both would be small and highly dependent on the exact equipment used. As for the biological part of the treatment process, it has been reported (Villano et al. 2013 ) that between 0.8 and 1.0 kW h (average 0.9) of energy is consumed for aeration in order to remove 1 kg of COD, while this makes up a total of 40-65 % (average ca. 53 %) of the total energy consumption in the activated sludge process (Fernández et al. 2011; Liu et al. 2011) ; thus, 1.7 kW h of energy is consumed per 1 kg of COD removed in the aerobic treatment stage. However, taking into account the relatively limited value of such an analysis, the authors suggest that the amount of consumed reagents would provide a more objective comparison of the analysed processes' performance, while serving as the base for costs calculation by interested parties depending on any given application.
Results and discussion
Toxicity and biodegradability of raw wastewater In order to assess the effect of wastewater on the activated sludge, oxygen demand and nitrification inhibition tests were carried out (Sample S1, S2). Figure 1 , presenting the results obtained with sample S1, shows that raw hardwood soaking basin wastewater has modest inhibitory effect on activated sludge: 25.5 % of raw wastewater results in 50 % decrease in oxygen demand and 17 % of raw wastewater results in 50 % decrease in nitrification rate; additionally, the inhibitory effect did not vary in different samples. Consequently, it is possible to perform direct aerobic biotreatment with longer hydraulic retention time and higher sludge age (Wang et al. 2013) .
In order to assess the biodegradability and predict potential efficiency of biological pre-treatment, Zahn-Wellens test was performed (sample S2), lasting up to 28 days. It was observed that plywood industry wastewater has high biodegradability (93 %). When evaluating the degradation curve of the wastewater, 83 % of COD decreased in 7 days and 9 % in the period of 7-28 days, which indicate easily and slowly biodegradable fraction, respectively. Although the biodegradability is high, 7 % of COD (360 mg L -1 ) was not removed during 28 days. In case of biological pre-treatment, the effluent would be too concentrated for discharge into water bodies, demanding further treatment.
Chemical treatment of wastewater
Coagulation
The results of coagulation experiments (sample S1) suggest 200 mg L -1 of Fe total as an optimal PIX-322 dose; the addition of flocculant (Zetag 4105) provided insignificantly small improvement in treatment efficiency and was not used in the subsequent experiments. The results of wood soaking basin water coagulation obtained with samples S1 and S2 at 200 mg L -1 of Fe total are shown in Table 2 . It can be seen that coagulation provides more than 35 and 30 % of COD and DOC removal, respectively. That should be mainly associated with decreased content of suspended solids, obtained by coagulation. At the same time, coagulation was shown to eliminate up to 86 % of lignin and tannins (S2). While the changes in BOD 7 /COD ratio were different in case of different samples, originating from different BOD 7 and similar COD removal rates, a significant improvement in the acute toxicity was observed: it decreased about three times with both S1 and S2. According to inhibition tests, coagulation had no effect on activated sludge nitrification rate and oxygen demand. Consequently, the coagulation can be an option for the first step of chemical pre-treatment process.
Ozonation
Sample S1 was treated by ozonation and a combination of coagulation and ozonation. Ozonation without preceding coagulation allowed the removal of around 35-37 % COD at both unregulated and alkaline pH, whereas the removal of BOD 7 under these conditions was 12 and 68 %, respectively. Air stripping was able to remove about 16 % of the initial COD and 10 % of BOD 7 , suggesting that chemical degradation is mainly responsible for the observed purification effect in case of ozonation. The results of ozonation experiments (30 mg O 3 L -1 ) of pre-coagulated water (S1) at unregulated pH are provided in Table 2 : these suggest that ozonation preceded by coagulation is more efficient; however, the performance of ozonation was still inferior to that of Fenton treatment in all terms except acute toxicity decrease.
Fenton treatment
Fenton treatment without pH regulation was applied to remove the dissolved organic matter in samples S1 and S2; two reagent doses (COD/H 2 O 2 /Fe 2? w/w/w of 1/1/0.2 and 1/2/0.4), which proved effective in industrial wastewater treatment (Trapido et al. 2009 ), were chosen. The results (Fig. 2a) show significant COD and BOD 7 removal (ca. 60-80 and 60 %, respectively), while removing well over Wastewater amount, % Fig. 1 Test results of inhibition tests of nitrification rate and oxygen demand by raw wastewater (sample S1 and S2) 90 % of lignin and tannins, and providing almost threefold toxicity decrease at best; the lower reagent dose ratio (COD/H 2 O 2 /Fe 2? w/w/w of 1/1/0.2) provided a somewhat higher toxicity removal.
Coagulation followed by Fenton treatment
Same doses of Fenton reagent as above were applied to pre-coagulated sample S1. With both reagent doses, Fenton treatment provided comparable results in terms of COD, BOD 7 and lignin and tannins removal. At the same time, the lower reagent dose ratio provided a more pronounced decrease in the acute toxicity of the treated sample (see Fig. 2b ). When compared to Fenton treatment only, the combination of coagulation and Fenton treatment provided superior results in COD and lignin removal, while the removal of BOD 7 was almost identical (Table 2) . Indeed, coagulation and Fenton treatment at the lower reagent dose ratio provided results comparable to Fenton process alone conducted with the higher reagent dose ratio; moreover, the consumption of hydrogen peroxide is reduced over three times in the combined process. Coagulation followed by Fenton process removed significant amount of phenols, resulting in \5 mg L -1 concentration in the effluent. According to the inhibition tests, current method completely removed the inhibitory effect. The oxidative potential of non-catalysed hydrogen peroxide was studied as well. For sample S1, hydrogen peroxide oxidation at a COD/H 2 O 2 w/w of 1/1 resulted in more than 50 % COD and DOC removal mainly due to the residual iron content (Fe total of 0.09 g/L) after coagulation step. However, the addition of iron catalyst to achieve H 2 O 2 /Fe 2? weight ratio 5:1 considerably (up to 40 %, depending on the reagent dose ratio) improved overall efficacy of S1 treatment.
Coagulation and Fenton (COD/H 2 O 2 /Fe 2? w/w/w of 1/1/ 0.2) treatment effect on biodegradability and concentration of recalcitrant COD was also assessed (Fig. 3) . Although the treated wastewater has high fraction of easily biodegradable COD, coagulation followed by Fenton treatment reduced 28-day biodegradability to 74 %. Additionally, compared to raw wastewater, the recalcitrant COD did not decrease. However, coagulation and Fenton treatment removed slowly biodegradable fraction from the wastewater (Fig. 3) .
Consequently, the combination of coagulation (200 mg w/w/w of 1/1/0.2) was found to be the most efficient of chemical treatment methods in terms of both performance and reagent consumption reduction. At the same time, there was high concentration of residual COD in the effluent (2120 mg L -1 ), which makes the combination solely inefficient.
Evaluation of combined Fenton and biological treatment
Biological treatment with chemical post-treatment (BIO-CHEM)
As the biodegradability test results for raw wastewater compared to chemical pre-treatment effluent showed higher biodegradability (Fig. 3) , it is reasonable to employ biological pre-treatment in order to remove easily biodegradable organics. At the same time, there would be considerable concentration of recalcitrant COD in the biological treated effluent, which needs further physicochemical treatment. Among the chemical treatment methods analysed in the previous sections, Fenton treatment was chosen by the authors to be employed. The reasons behind this is the highly efficient performance of the method towards both composite wastewater parameters, such as COD and BOD 7 , and individual compounds, such as lignin and tannins (see Table 2 ), coupled with simplicity of Fenton treatment instrumental set-up (as opposed to, for example, ozonation). As for the set-up simplicity, the possibility to reuse ferric hydroxide sludge, as reported by the authors , makes the operation potentially even more simple and reliable: besides the absence of ferric hydroxide sludge removal, dewatering and disposal stages, this results also in decreased consumption of fresh iron source.
As the hydroxyl radicals abundantly produced in Fenton's reaction are strong oxidisers reacting with all types of organic pollutants indiscriminately, it is highly important that the biological treatment removes the easily biodegradable fraction beforehand and leaves the recalcitrant fraction of the COD as the sole target for Fenton process. Biological treatment is also cost-efficient compared to physiochemical method (Gotvajn et al. 2009 ).
In order to eliminate readily biodegradable fraction from the raw wastewater, applying cost-effiective approach, laboratory-scale aerobic biological treatment was carried out (sample S3); the results can be seen in Table 3 . Biological pre-treatment removed 78 % of COD and 92 % of BOD 7 , leaving COD and BOD 7 concentrations of 1490 and 300 mg L -1 respectively. Although the raw wastewater has inhibitory effect on activated sludge nitrification rate, 88 % of TN was removed. Additionally, biological pretreatment showed high efficiency in removal of phenols (84 %). Consequently, as the biological pre-treatment has a higher efficiency in COD removal than coagulation combined with ozonation (64 % of COD) or Fenton (74 % of COD), it is reasonable to treat the plywood wastewater biologically as the first step of a combined process both in terms of performance optimisation and the reduction in reagent consumption.
When biologically treated water (sample S3) was subjected to Fenton process with prior pH adjustment to 3, the overall COD removal increased up to 96-97 % (see Fig. 4) . The experiments conducted without prior pH regulation yielded 5-7 % lower results. The detailed results of optimal-dose Fenton treatment of the wood soaking basin water after biological stage of the combined process can be seen in Table 3 . Thus, the effluent of BIO-CHEM process (1/2/0.4) has both COD and BOD 7 decreased by 97 % from the original value, while retaining roughly the same BOD 7 -to-COD ratio. Estonian legislation in compliance with EU legislation (EEC 1991) for effluents originating from industries, including wood industry, states discharge limits for COD and BOD 7 as 250 and 15 mg L -1 , respectively; alternatively, the removal rates of these should be at least 75 and 90 %, respectively. For the purpose of achieving target limits simultaneously minimising the consumption of chemicals in the BIO-CHEM process, biologically pre-treated wastewater was subjected to Fenton treatment applying oxidant dose ratio (COD/ H 2 O 2 /Fe 2? , w/w/w) of 1/0.5/0.1. Overall removal efficiencies were substantial-93 % for COD and 95 % for BOD 7 -but the corresponding COD and BOD 7 values in effluent were 460 and 164 mg L -1 , respectively. Considering the discharge limits, Fenton post-treatment with applied dose ratio of (COD/H 2 O 2 /Fe 2? , w/w/w) 1/2/0.4 achieved COD target, obtaining 220 mg L -1 of COD for effluent. Contrary to COD removal, BOD 7 concentration in the effluent of BIO-CHEM treatment did not met the discharge limit. Consequently, BIO-CHEM process was not sufficient and wastewater needs further treatment.
Biological pre-treatment with subsequent chemical treatment and biological post-treatment (BIO-CHEM-BIO)
Before selecting the possible final purification method, biodegradability test was performed in order to assess Fenton-treated wastewater suitability for biological treatment. The results of the test (Fig. 5) suggest that Fenton post-treatment, even at reduced chemical doses, increased the effluent biodegradability, at the same time providing twofold decrease in recalcitrant COD fraction. To assess the higher Fenton reagent dose impact on the biodegradability, Zahn-Wellens test for Fenton post-treated wastewater was performed (Fig. 5) . The results indicate that higher ratio COD/H 2 O 2 /Fe 2? (w/w/w) of 1/2/0.4 increases biodegradability 11 %, reduces slowly biodegradable fraction (47 %) and recalcitrant COD (52 %). These observations imply that the wastewater treatment with ratios (COD/H 2 O 2 /Fe 2? , w/w/w) of 1/0.5/0.1 and 1/2/0.4 could be efficiently combined with further biological treatment, suggesting residual COD to be around 180 and 90 mg L -1 , respectively.
To ensure that the final effluent COD and BOD 7 were below discharge limits, biological post-treatment was applied as the third and final step (Table 3) BOD 7 in the effluent. Although BOD 7 value in the effluent is over the threshold value, it is not expected to be a problem in Sum of mono-and diphenols a full-scale wastewater treatment plant. In laboratory-scale pilot plant, the activated sludge settleability is inferior and suspended solids are transferred into effluent. Therefore, the treatment combination with Fenton dose ratio (COD/H 2 O 2 / Fe 2? , w/w/w) of 1/0.5/0.1 should be sufficient in treating plywood industry wastewater starting from at least pilot scale, which is to be a subject of a separate upcoming publication of the authors. To produce effluent in accordance with municipal wastewater normative, the combined process was carried out with higher reagent dose ratio in chemical treatment stage (COD/H 2 O 2 /Fe 2? , w/w/w of 1/2/0.4). The results (Table 3) indicate that such combination would ensure obtaining target limits enacted to municipal WWTP effluent (EU 1991) . Indeed, the aerobic biological posttreatment was consistent with the preliminary estimates, achieving the predicted effluent COD.
Evaluation of chemicals consumption
Estimates on the consumption of Fenton reagent chemicals can be seen in Table 4 . The results indicated the perspective of considerable reagents overuse (ca. 3.5 times in the case of Fenton treatment) when applying direct chemical treatment for wastewaters containing relatively high amounts of readily biodegradable organic matter, compared to the combination including the biological pre-treatment, which eliminates that fraction, allowing Fenton treatment (reagent dose ratio of 1/2/0.4 can be considered optimal with the obtained effluent quality results) to degrade the recalcitrant part only (BIO-CHEM process), and finishing it with biological post-treatment. The combination of coagulation and Fenton treatment provides a 10 % increase in Fenton reagent consumption in comparison with the currently optimal BIO-CHEM-BIO process; however, the consumption of coagulant and the respective set-up, including dosage pumps, stirrers, clarification, should be also taken into account.
As for the comparison between two doses of Fenton reagent employed in the BIO-CHEM-BIO process, both guarantee the required removal percentage of the investigated primary parameters; however, when it comes to specific target discharge limits, the higher Fenton reagent dose (1/2/0.4) allows fulfilling them as well. While the lower (1/0.5/0.1) Fenton reagent dose-employing BIO-CHEM-BIO set-up produces an effluent with BOD 7 slightly over the target discharge limit (20 as opposed to 15 mg L -1 ) in laboratory conditions, it is highly likely that under larger-scale applications with better sludge settling, the values of the respective parameters in the effluent should decreased and thus will be in full compliance with the regulations. In that case, a further fivefold reagent consumption decrease from the currently optimal BIO-CHEM-BIO process can be achieved.
As for the process operating costs, analysed for the particular local situation, it can be seen that direct physicochemical treatment of the wood soaking basin wastewater is not a very feasible option, although a substantial cost reduction can be achieved when using coagulation as the first stage of chemical treatment. Biological treatment (BIO), being the cheapest of the alternatives analysed, cannot provide an effluent meeting the target discharge limits, even though the removal percentage is in accordance with the legislation; the same stands for a combination of biological pre-treatment and chemical post-treatment (BIO-CHEM). As for the BIO-CHEM-BIO process, its costs, even though higher than that of biotreatment, are significantly lower than those of chemical treatment; at the same time, it provides effluent completely corresponding to the legislation. Possible reuse of ferric hydroxide sludge may further significantly reduce the operating cost of BIO-CHEM-BIO, as the costs of ferric sulphate comprise around 25 % of the total reagent cost. The possibility of applying the combined process with lower reagent dose ratio, when coupled with ferric hydroxide sludge reuse, may provide even lower treatment costs than the already competitive 2.30 eur m -3 . 
Conclusion
In this research, the typical hardwood soaking basin wastewater, containing a high load of wood and bark-originating water extractive material, was subjected to combined treatment processes consisting of physicochemical and biological stages. As the preliminary biodegradability analyses suggested, the raw wastewater had high biodegradability (93 %); therefore; biological treatment was eventually chosen as the first stage of the combined process. Biological pre-treatment removed COD, BOD 7 , phenols and TN to the extent of 78, 92, 84 and 88 %, respectively; although the specified removal rates were in accordance with the directive 91/271 EEC, the residual COD, BOD 7 and phenols concentrations were well above the target discharge limits specified there. Since the plywood industry wastewater contained a significant amount of recalcitrant COD, Fenton treatment with dose ratios (COD/H 2 O 2 /Fe 2? , w/w/w) of 1/0.5/0.1 and 1/2/0.4 was applied after biological pre-treatment, which resulted in up to 97 % overall removal of COD and BOD 7 . Additionally, Fenton treatment increased the biodegradability, which enabled to employ biological posttreatment as a final purification. Consequently, the optimal process for the wood soaking basin wastewater treatment is the BIO-CHEM-BIO process applying Fenton treatment at the dose ratio (COD/H 2 O 2 /Fe 2? , w/w/w) of 1/2/0.4 at the chemical treatment stage, producing effluent meeting the target discharge limits set by the EEC Directive 91/271 for industrial and municipal wastewater as well. To conclude, this study presents a novel approach to the wood soaking basin wastewater treatment, producing a cost-effective and readily applicable combined treatment process, efficient in terms of both results and chemical cost reduction, and at the same time successfully meeting the required target discharge limits. 
